factor receptor antibodies, cetuximab and panitumumab. Although widely used, the value of prostate-specific antigen screening in reducing mortality from prostate cancer is unclear.
Introduction
Tumor markers may be defined as molecules which indicate the presence of cancer or provide information about the likely future behavior of a cancer (i.e., likelihood of progression or response to therapy) [1, 2] . In asymptomatic subjects, tumor markers are potentially used in screening for early malignancy. In symptomatic patients, markers may help in the differential diagnosis of benign and malignant disease. Following diagnosis and surgical removal of a malignancy, markers may be used for assessing prognosis, postoperative surveillance, therapy prediction and monitoring response to systemic therapy [1, 2] .
Irrespective of its application, an ideal tumor marker should exhibit the following characteristics:
• possess a high positive and negative predictive value;
• have an inexpensive, simple, standardized and automated assay with clearly defined reference limits;
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Abstract
Tumor markers are playing an increasingly important role in cancer detection and management. These laboratory-based tests are potentially useful in screening for early malignancy, aiding cancer diagnosis, determining prognosis, surveillance following curative surgery for cancer, up front predicting drug response or resistance, and monitoring therapy in advanced disease. Clinically useful markers include fecal occult blood testing in screening for early colorectal cancer, carcinoembryonic antigen in the management of patients with colorectal cancer, both ␣ -fetoprotein and human chorionic gonadotrophin in the management of patients with nonseminomatous germ cell tumors, CA 125 for monitoring therapy in patients with ovarian cancer, estrogen receptors for predicting response to hormone therapy in breast cancer, human epidermal growth factor receptor 2 for the identification of women with breast cancer likely to respond to trastuzumab (Herceptin) and KRAS mutational status for identifying patients with advanced colorectal cancer likely to benefit from treatment with the anti-epidermal growth
• be acceptable to subjects undergoing the test; and • have its clinical value validated in a large prospective trial. Suffice it to state, the ideal tumor marker does not currently exist. Despite this, several markers are now indispensable in the management of patients with cancer. The aims of this article are to review the most widely measured markers in clinical practice and summarize published guidelines for their use.
Use of Markers in Screening for Cancer
Screening involves the detection of early disease or a preclinical state in subjects without signs or symptoms of disease. Unlike disease diagnosis, screening is performed on individuals without any clinical sign of disease. Compared to established screening tests such as mammography for breast cancer, the Papanicolaou test for cervical cancer and colonoscopy for colorectal cancer (CRC), the use of tumor markers might be expected to have practical advantages in cancer screening [3] . These advantages include [3] :
• Markers can be measured in fluids such as blood and urine that can be obtained with minimal inconvenience to the individuals undergoing screening. • For many markers, automated assays are available, allowing the processing of large numbers of samples in a relatively short period of time.
• Tests for markers provide quantitative results with objective endpoints.
• Assays for markers are relatively cheap compared to radiological, histological and endoscopy procedures.
Despite these advantages, markers have several limitations as cancer screening tests. In particular, lack of sensitivity for early invasive disease or premalignant lesions and lack of specificity for malignancy limit the use of existing markers in screening asymptomatic subjects for early malignancy [1, 3] . The dual problem of limited sensitivity and specificity, especially when combined with the low prevalence of most cancers in the community, means that markers, if used alone, have low positive predictive values in screening asymptomatic populations. Indeed, it is the low prevalence of cancer in the general population that prohibits most biomarkers from being used in screening for cancer [1, 3] . Despite this, a number of markers have either undergone or are presently undergoing evaluation for cancer screening ( table 1 ) . Some of the most widely investigated markers in cancer screening are now discussed.
Fecal Occult Blood Testing in Screening for CRC
One of the best validated screening markers is the use of fecal occult blood testing (FOBT) in screening for CRC. Indeed, 4 large randomized prospective trials carried out in Europe and North America have all shown that screening apparently healthy subjects over 50 years of age using FOBT significantly reduced mortality from CRC [4] . Combined results from the 4 trials showed that the screening resulted in a 16% reduction in the relative risk of CRC mortality [4] . Following adjustment for those subjects that failed to attend screening, mortality reduction increased to 25%.
Screening healthy individuals aged 6 50 years using FOBT is now recommended, especially in Europe [5, 6] . Although the 4 prospective randomized trials mentioned above all used a guaiac-based FOBT, both the European Group of Tumor Markers (EGTM) and a European Union expert panel currently recommend the use of a fecal immunochemical test in screening for CRC [5, 6] . As previously reviewed, the use of fecal immunochemical tests have several advantages vis-à-vis FOBTs, including greater analytical sensitivity and specificity, improved clinical performance and potential for automation [5] .
Prostate-Specific Antigen in Screening for Prostate Cancer
In contrast to FOBT in screening for CRC, the clinical value of prostate-specific antigen (PSA) in screening for prostate cancer is less clear [7] . In 2009, results from 2 large randomized prospective trials evaluating the screening potential of this marker were published. The first of these trials was carried out in the USA and involved 76,693 men that were randomized to either an- nual screening or regular care [8] . Following analysis at 7-10 years of follow-up, death rates were similar in the 2 groups. A limitation of this study was that approximately 50% of men in the control group underwent screening during the study. This trial could thus be regarded as a comparison between a heavily screened group and a less heavily screened group rather than a true randomized trial [8] . A further limitation was that approximately 40% of the men participating had a PSA test prior to the start of the trial. These men were thus less likely to be diagnosed with prostate cancer during the trial proper. In a somewhat similar but larger trial carried out in Europe, 162,243 men were randomly allocated to PSA screening or to a control group not subjected to screening [9] . After a median follow-up of 9 years, death rates from prostate cancer were found to be 20% lower in the screened compared to the control group. This apparent benefit, however, resulted in major overdetection and overtreatment. Thus, according to the paper's authors, 1,410 men would have to be screened and 48 additional cases of prostate cancer would have to undergo treatment to prevent 1 death from prostate cancer [9] .
With these conflicting findings it is not surprising that guidelines published by expert panels vary with respect to PSA screening for prostate cancer, i.e., while some groups recommend screening, others are opposed to the practice [7, 10] . Although expert panels disagree on whether or not to recommend PSA screening, most recommend that prior to undergoing screening for prostate cancer, men should be informed of the risks and benefits of early disease detection [7] . Only after receiving such information should PSA screening be initiated.
CA 125 in Screening for Ovarian Cancer
For the past decade or so, 2 large prospective randomized trials have been evaluating the role of CA 125 and transvaginal ultrasound in screening for ovarian cancer [11, 12] . One of these trials recently reported its findings [13] . In this trial carried out in the USA, 78,216 women aged 55-74 years were randomized to undergo either annual screening with CA 125 for 6 years and transvaginal ultrasound for 4 years or standard care. After 13 years of follow-up, death rates were similar in the screened and control groups. Clearly, in this trial, screening with CA 125 and transvaginal ultrasound did not reduce ovarian cancer mortality [13] . According to the EGTM guidelines, CA 125 either alone or in combination with other modalities cannot be recommended in screening for ovarian cancer in asymptomatic women outside the context of a randomized controlled trial [14] .
␣ -Fetoprotein in Hepatocellular Cancer
Subjects at increased risk of developing hepatocellular cancer (HCC) include those with cirrhosis due to infection with hepatitis B virus or hepatitis C virus, genetic hemochromatosis or biliary cirrhosis. Guidelines published by expert panels differ in their recommendations regarding the use of ␣ -fetoprotein (AFP) in screening for HCC. Thus, the National Academy of Clinical Biochemistry USA (NACB) [15] state that, 'AFP should be measured and abdominal ultrasound performed at sixmonthly intervals in patients at high risk of HCC, especially in those with hepatitis B and hepatitis C-related liver cirrhosis. AFP concentrations that are 1 20 g/l and showing consistent increases in concentration should prompt further investigation even if ultrasound is negative.' On the other hand, the American Association for the Study of Liver Disease recommend that surveillance of high-risk subjects should be performed only with ultrasound. According to this organization, AFP should only be used when ultrasound is not available. This latter recommendation is based on the limited use of AFP in detecting early HCC.
Use of Markers as Diagnostic Aids for Cancer
As discussed above with screening, limited sensitivity for small or early cancers and lack of tumor specificity preclude the use of serum markers for the primary diagnosis of cancer. In a limited number of situations, however, markers may aid in the differential of benign and malignant disease. Thus, CA 125 is used as an adjunct in differentiating between benign and malignant pelvic masses in postmenopausal women [14] . The EGTM recommend that CA 125 should be measured in postmenopausal women presenting with such masses. According to this expert panel, patients with elevated levels (e.g. 1 35 U/l) should be considered for referral to a surgeon specialized in gynecological oncology surgery [14] . This recommendation was based on studies showing superior outcome in patients with ovarian cancer if treated by a gynecological oncologist rather than by a general surgeon [16] .
Another marker that may be helpful in cancer diagnosis is AFP in the detection of HCC. According to the American Association for the Study of Liver Disease, finding a hepatic mass of 1 2 cm in diameter in a patient with a cirrhotic liver is highly suspicious of HCC. If AFP is 1 200 g/l and the radiological appearance is suggestive of HCC, the likelihood is that the lesion is HCC and biopsy is not essential [17] . Similar recommendations have 7 been published by the NACB [15] . AFP, however, is of limited value in aiding the diagnosis of lesions ! 2 cm in diameter.
Use of Markers in Assessing Prognosis
Prognostic markers provide information on the likely outcome following diagnosis of a disease. Such markers may help avoid undertreatment of patients with aggressive disease and overtreatment of those with indolent disease. Prognostic markers are most important in cancers that vary widely in their outcome such as prostate and breast cancer. In these cancers, prognostic markers may help identify those patients with aggressive disease that could benefit from additional therapies and simultaneously select those patients who may not require additional therapy.
Prognostic markers are most widely used in breast cancer, especially in the subset with lymph node-negative disease. In this subgroup of patients with breast cancer, prognostic markers help identify patients who may be spared the toxicity and side effects of adjuvant chemotherapy. The 2 best validated prognostic markers for breast cancer are the Oncotype DX test and uPA/PAI1. The Oncotype DX test measures the expression of 16 cancer-associated and 5 control genes by RT-PCR on RNA isolated from paraffin-embedded breast cancer tissue [18] . This test is currently available from a commercial laboratory in the USA. Although the Oncotype DX test is recommended by several expert panels including the American Society of Clinical Oncology (ASCO), NACB and EGTM [10, 19, 20] , the test has not yet been validated in a large prospective randomized trial. Such a study, however, is ongoing as part of the TAILORx trial.
uPA and PAI-1 are the best validated prognostic markers in breast cancer, especially for patients with lymph node-negative disease [21] . uPA is a protease that mediates invasion and metastasis. Although PAI-1 normally functions as an endogenous inhibitor of uPA activity, at the high concentrations frequently present in tumors it appears, like uPA, to also play a role in cancer spread [21] . Unlike any other marker in breast cancer, the prognostic impact of uPA and PAI-1 has been validated in both a multicenter randomized prospective trial and a pooled analysis of raw data from several small retrospective and a prospective study [22, 23] , i.e., in 2 level I evidence studies.
As with Oncotype DX, measurement of uPA/PAI-1 is recommended by a number of expert panels [10, 19, 20] . According to ASCO, 'uPA and PAI-1 may be used for the determination of prognosis in patients with newly diagnosed, node negative breast cancer. Low levels of both markers are associated with a sufficiently low risk of recurrence, especially in hormone receptor-positive women who will receive adjuvant endocrine therapy, that chemotherapy will only contribute minimal additional benefit. Furthermore, CMF-based adjuvant chemotherapy provides substantial benefit, compared with observation alone, in patients with high risk of recurrence as determined by high levels of uPA and PAI-1' [19] . Other widely studied cancer prognostic markers are listed in table 2 .
Therapy-Predictive Markers in Cancer
As mentioned above, therapy-predictive markers are factors that prospectively identify likely response or resistance to a specific treatment. Predictive markers are important in cancer patient management as patients with the same histological type of malignancy respond very differently to a specific drug. Thus, response rates for patients with different types of advanced cancer to currently available systemic treatments vary from about 10 to 1 90% [24] . Many of the newer biological therapies, in particular, have efficacy in only a minority of patients. This finding, when combined with the high costs of these drugs [25] , illustrates the importance of having accurate predictive markers.
As well as assessing efficacy, predictive markers may also be able to identify optimum drug dose and predict toxicity. Thus, measurement of predictive markers can increase drug efficacy and result in decreased toxicity. This, in turn, should reduce overall health care costs and lead to an enhanced quality of life for patients [26] . As with prognostic markers, predictive markers are most developed for breast cancer. Thus, in breast cancer, measurement of estrogen receptors and progesterone receptors is universally used to identify patients for treatment with hormone therapy (tamoxifen or aromatase inhibitor), while the assay of human epidermal growth factor receptor 2 is routinely used to select patients for treatment with trastuzumab (Herceptin) or lapatinib [27] . Newly introduced predictive markers include mutant KRAS status for identifying responsiveness to antiepidermal growth factor receptor antibodies (cetuximab and panitumumab) in advanced CRC and epidermal growth factor receptor mutation status for selecting patients with advanced non-small cell lung cancer for treatment with anti-epidermal growth factor receptor kinases (gefitinib and erlotinib) [27] .
Use of Markers in Surveillance following Initial Treatment for Cancer
One of the most frequent uses of tumor markers at present is in the postoperative follow-up of patients following a diagnosis of malignancy ( table 3 ) . In several situations, serial levels of cancer markers can predict the presence of early recurrent/metastatic disease, i.e., provide a lead time over clinical or radiological findings. It is assumed that the early detection of recurrent/metastatic disease followed by the initiation of treatment enhances the chance of cure or results in an improved survival [2] . For some cancer types, however, the evidence currently available does not support this widely held assumption. Indeed, the value of makers in postoperative surveillance may vary from cancer to cancer. Below, I discuss the usefulness of markers in surveillance following the diagnosis of different cancers.
Carcinoembryonic Antigen in CRC
Multiple studies have shown that following curative surgery for CRC, patients undergoing an intensive surveillance regime that included regular carcinoembryonic antigen (CEA) measurements had a significantly better outcome than those undergoing surveillance without CEA testing [28, 29] . Most expert panels in Europe and the USA therefore recommend serial measurements of CEA following curative surgery for CRC [10, [30] [31] [32] . According to the EGTM, 'CRC patients with stage II and III (Dukes' B and C) CRC that may be candidates for either liver resection or systemic treatment in the event of recurrence in that organ, should have CEA measured every 2 to 3 months for at least 3 years after diagnosis' [30, 31] . Although serial measurements of CEA are widely recommended as part of a surveillance regime, agreement is lacking as to the extent of concentration change that constitutes a clinically significant increase in marker levels. According to the EGTM group [30] , 'a significant increase in CEA levels occurs if the elevation is at least 30% over that of the previous concentration'. This organization also states that prior to initiating therapy, any increase must be confirmed by a second sample taken within approximately 1 month. If the second sample is also increased, the patient should undergo further investigations such as imaging [30] .
AFP and Human Chorionic Gonadotrophin in Patients with Germ Cell Tumors
Two main histological types of germ cell tumors exist, seminoma and non-seminoma. The use of AFP and human chorionic gonadotrophin (HCG) in monitoring patients with the non-seminomatous type germ cell tumors of the testis is often regarded as approximating the ideal use of tumor markers [2] . This is because these 2 markers are sensitive indicators of germ cell disease status, i.e., whether disease is stable, progressing or regressing. A further reason why these markers are particularly helpful in patients with germ cell tumors is that these malignancies are highly chemosensitive. Indeed, it is now widely accepted that following orchidectomy for non-seminomatous testicular germ cell tumors, increasing AFP or S CC = Squamous cell carcinoma; NSE = neuron-specific enolase. 9 HCG levels in the absence of radiological or clinical evidence of disease suggests active disease and may provide sufficient reassurance to initiate treatment, provided likely causes of false-positive marker levels can be eliminated [2] .
According to the ASCO guidelines, AFP and HCG should be assayed during surveillance following definite therapy for non-seminomatous germ cell tumors, regardless of stage [33] . These measurements may be carried out every 1-2 months in the first year, every 2-4 months in the second year, every 3-6 months in the third and fourth years, every 6 months in the fifth year and annually thereafter. Surveillance should be continued for at least 10 years after therapy is completed. For monitoring patients with pure seminoma, HCG and/or LDH are generally recommended [33] .
CA 125 in Patients with Ovarian Cancer
The clinical value of serial determination of CA 125 in post-therapy monitoring of patients with a history of ovarian cancer is unclear. Although regular measurement of the marker may detect early recurrences with a median lead time of 4-5 months [34] , a recently completed prospective randomized trial found no survival benefit from starting early treatment based on a rising serum CA 125 level [35] . This trial involved 1,442 women previously diagnosed with ovarian cancer but in clinical remission. CA 125 levels were measured every 3 months, but the results were not made available to patients or their doctors. The women were randomized when their marker concentrations reached twice the upper limit of the normal range, to receive treatment immediately or to continue with blinded CA 125 determinations. In this latter situation, women underwent treatment only when there was clinical evidence of recurrence. Despite the earlier introduction of second-line chemotherapy, no significant difference in overall survival was found in the 2 groups. This negative finding may relate, at least in part, to the lack of effective therapy for recurrent ovarian cancer.
Uncertainties therefore exist with respect to the value of CA 125 measurement and timing of treatment for relapsed ovarian cancer. Although the NACB panel currently recommends serial measurement of CA 125 following surgery and initial systemic therapy for ovarian cancer [10] , the EGTM panel is opposed to this practice [14] . With such conflicting recommendations, a practical way forward may be to take the patients' wishes into consideration.
PSA in Prostate Cancer
Irrespective of whether men with diagnosed prostate cancer undergo active treatment (e.g. with radical prostatectomy, radiotherapy or brachytherapy) or active surveillance, regular monitoring with PSA is now commonly carried out [36] . Following successful radical prostatectomy, PSA levels should decline to undetectable levels. A subsequent increase to 6 0.2 g/l is defined as biochemical recurrence [37] . Generally, decreases in PSA levels following radiation therapy are less than those following radical prostatectomy. A rise in PSA levels of 6 2 g/l over and above the nadir value has been proposed as a definition of radiation therapy failure [38] . It is still unclear whether the introduction of salvage therapy based on these definitions of PSA recurrence enhances patient outcome or quality of life.
CA 15-3 in Breast Cancer
The most widely used marker in surveillance following a diagnosis of breast cancer is CA 15-3 [39] . Although widely used in some countries for this purpose, it is unclear whether serial measurement improves patient outcome. Consequently, guidelines vary with respect to their recommendations on the use of CA 15-3 in monitoring asymptomatic women following a diagnosis of breast cancer. While expert panels such as ASCO recommend against routing use of CA 15-3 in surveillance in the surveillance of breast cancer patients [19] , EGTM endorses its measurement in this setting [20] . According to the NACB guidelines [10] , 'CA 15-3 should not be routinely used for the early detection of recurrences/metastases in patients with diagnosed breast cancer. However, as some patients, as well as some doctors, may wish to have these measurements, the ultimate decision on whether or not to use CA 15-3 must be taken by the doctor in consultation with the patient.'
Monitoring Systemic Therapy
Another frequent use of tumor markers is in monitoring patients with advanced cancer receiving systemic therapy ( table 3 ) [1, 2, 10] . The markers used in monitoring therapy in a specific malignancy are the same as those measured in postoperative surveillance (see above). Generally, decreasing levels of markers following the initiation of therapy correlates with tumor regression and increasing levels predict progressive disease. Tumor markers, however, should not be used alone in assessing response to therapy.
A caveat in the use of markers in monitoring therapy in patients with advanced malignancy is the possible occurrence of transient increases or spikes within the first few weeks of administering therapy. These transient increases appear to be due to tumor cell necrosis or apoptosis in response to the initial treatment with chemotherapy. Such transient increases have not yet been reported with biological therapies such as therapeutic antibodies (e.g. Herceptin, cetuximab or panitumumab).
Conclusion
From above, it is clear that certain tumor markers are mandatory in the management of patients with certain types of cancer. Indeed, in some situations, markers can be used as the sole criterion for clinical decision making. This applies particularly for therapy-predictive markers such as estrogen receptor and human epidermal growth factor receptor 2 in breast cancer. Another good example is the use of HCG and AFP in therapy decision making in patients with diagnosed non-seminomatous germ cell tumors. In other situations, however, the value of markers is less clear, for example, the role of PSA in screening for prostate cancer, assay of CA 125 following surgery and chemotherapy for ovarian cancer and assay of CA 15-3 in the surveillance of patients following the diagnosis of breast cancer. Hopefully, future studies will provide definite answers on the use of these markers, in the near future. New procedures for measuring tumor markers in the future are likely to focus on gene expression microarray, proteomics and detection of circulating tumor cells.
